Transmission electron micrographs of
Introduction
Since the discovery of the small lysis proteins, many studies have been carried out on cell lysis by RNA phages (for reviews see van Duin, 1988 ; Young, 1992 ; Young et al., 2000 ; see also Groeneveld et al., 1996) . The single-stranded RNA bacteriophages lyse their host, Escherichia coli cells, at the end of the infective cycle without using lysozyme. Instead, the phages encode a lowmolecular-mass hydrophobic protein that is sufficient to trigger lysis of the host in group A-I,II phages (Kastelein et al., 1982 ; Coleman et al., 1983) but, in the group B-III phages, it has been shown that the maturation (A2) protein of Qβ phage induces E. coli cell lysis by itself (Karnik & Billeter, 1983 ; Winter & Gold, 1983) .
As to the lysis mechanism of the single-stranded small DNA and RNA phages, it has been reported that the A2 (maturation\lysis) protein of RNA phage Qβ blocks cell-wall biosynthesis by inhibiting the MurA step and, also, the lysis protein E of phage φX174 (small DNA phage) inhibits cell-wall synthesis by inhibiting the MraY step. Inhibition of the MurA and MraY steps or activity results in the inhibition of cell-wall biosynthesis and results in induction of host-cell lysis (Bernhardt et al., 2000 (Bernhardt et al., , 2001a Young et al., 2000) . e-mail tnishihara!mf.0038.net RNA phages that infect E. coli are classified into groups A and B. RNA phages of group A are divided into subgroups I and II, and those of group B are divided into subgroups III and IV (Furuse et al., 1979 ; Miyake et al., 1969 ; Watanabe et al., 1967a, b) . Among the four groups of RNA coliphages, representatives of groups A-I (f2, MS2, R17, fr) and B-III (Qβ) have been studied most intensively (for reviews see van Duin, 1988 ; Young, 1992) . The gene organization of the two phage groups (A-I,II and B-III,IV) is quite similar (Figs 1a and  2a) . The main genes encoding the maturation protein, the coat protein and the replicase β-subunit have similar lengths and are arranged in the same order, but their minor genes are slightly different. In spite of the similarities of gene organization and gene order, the structure and function of the lysis genes are quite different in groups A and B.
The maturation proteins of Qβ phage (group B-III) and SP phage (group B-IV) can also be used interchangeably and the maturation protein of SP phage has lysis function (Priano et al., 1995) . In this context, the function of the lysis gene of GA phage (group A-II) has remained an assumption until now.
Transmission electron microscopy has shown that local destruction occurs in cells lysed by the cloned lysis gene of MS2 phage and cytoplasmic materials are liberated (Witte et al., 1989) . However, direct visualization of lysis of cells by RNA phages or cloned lysis genes by use of the transmission electron microscope has not been carried out intensively. In this communication, I show the results of examination with the transmission electron microscope of lysis of E. coli cells induced by the cloned lysis genes of GA phage (group A-II) and SP phage (group B-IV). Nucleotide numbers at initiation and termination sites are from Inokuchi et al. (1986) . The plasmid and DNA fragments used for the expression of the lysis gene are shown. (b) Growth curves of the constructs described in (a). Strains of E. coli K12 ∆H1 ∆trp containing the plasmids pGAcl-8 (#), with the insert shown in (a), and pPLc245 ($) were grown at 28 mC to an OD 600 of 0n2. They were then shifted to 42 mC to induce the pL promoter. The turbidity of the culture was measured every 15 min and plotted as a function of time.
Methods
Bacterial strain, plasmid vector and bacteriophages. E. coli strain K12 ∆H1 ∆trp [lacZam, ∆bio-uvrB, ∆(trpE-A)2, rpsL (λNam7, Nam53, cI857, ∆H1)] was used in all experiments (Bernard et al., 1979) . Plasmid vector pPLc245 was used for cloning and expression (Remaut et al., 1983) . RNA phages GA (group A-II) (Inokuchi et al., 1986) and SP (group B-IV) (Inokuchi et al., 1988) were used for isolation of RNAs for RT-PCR.
Growth conditions. In all experiments, cells were grown at 28 mC in LB medium (Sambrook et al., 1989) supplemented with streptomycin (25 µg\ml) and ampicillin (50 µg\ml). Cell growth and lysis was monitored by following the OD '!! . To induce expression of genes under the control of λpL, the temperature was shifted to 42 mC to allow thermal inactivation of the cI857 repressor molecule.
Modifications of the vectors. The expression vector pPLc245 was used for cloning and expression, with slight modifications. For cloning the SP phage, the vector was treated with restriction enzyme NdeI and, after end-filling with T4 DNA polymerase and dNTPs, the resulting blunt ends were combined with T4 DNA ligase and the resulting construct was designated pPLc245-2. For cloning the GA phage, vector pPLc245 was used with slight modifications of the polylinker region with that from pNEB193 (New England Biolabs). A polylinker fragment containing sites for the restriction enzymes AscI and PacI was isolated from pNEB193 with restriction enzymes EcoRI and HindIII and inserted into pPLc245, which had been digested with the same enzyme. The resulting vector was designated pPLc245 (AP).
Cloning of the SP lysis (A2) gene from SP RNA. RT-PCR amplification of SP RNA was done according to the protocols provided with the Promega Access RT-PCR system. The forward primer, containing an EcoRI site and positions 41-64 of SP RNA, was 5h GCTGCGAGCTCGTGAATTCACAGAGGAGAATCTATGCCAA CCC 3h, and the reverse primer, containing a SalI site and positions 1389-1411 of SP RNA, was 5h GCATCGTCGACAGGCCTAAG-TTCAACGCTTAACGCGTTGG 3h. The fragment obtained from the RT-PCR was purified with a QIAquick PCR purification kit (Qiagen), digested with EcoRI and SalI and inserted into the EcoRI and SalI sites of the vector pPLc245-2 to give plasmid pSPA2-10 (Fig. 2b) .
Construction of deletion mutants of pSPA2-10. Plasmid pSPA2-10 was digested with restriction enzyme MluI and the resulting large fragment was self-ligated to give pMl-4. pSPA2-10 was also digested with PvuII in the same way to give pPv-17. pSPA2-10 was digested with HpaI and EcoRV and the resulting fragment was self-ligated to give plasmid pHE-3 (Fig. 2b) .
Cloning of the GA lysis (L) gene from GA RNA. RT-PCR amplification of GA RNA was done in the same way as SP RNA amplification. The forward primer, containing an AscI site and positions 1257-1281 of GA RNA, was 5h GTAGGCGCGCCGCTTCACTTAGC-GAATGCATTAGCC 3h. The reverse primer, containing a PacI site and positions 2015-2039 of GA RNA, was 5h CGCTTAATTAACTCGAT-ATGAGAGTAGTCGTATCCG 3h. The fragments obtained from the RT-PCR were digested with restriction enzymes AscI and PacI. The resulting fragments were inserted between the AscI and PacI sites of the vector pPLc245 (AP) to give plasmid pGAcl-8 (Fig. 1a) . Cloned fragments were sequenced to verify their integrity by the dideoxy chain-termination method (Sanger et al., 1977) .
Electron microscopy. Transmission electron micrographs were taken as follows. Samples were collected by centrifugation after about 15 min of the onset of the lysis of E. coli cells harbouring plasmids and they were washed with phosphate buffer (PB) and fixed overnight at 4 mC by addition of glutaraldehyde to a concentration of 1n5% (w\v). After washing with PB, samples were suspended in PB and embedded in 4 % agarose. After post-fixation in 1 % (w\v) osmium tetroxide for 60 min at room temperature, the cells were washed with PB and dehydrated with alcohol. Cells were then infiltrated and embedded in Spurr's low-viscosity resin (Spurr, 1969) and polymerized, cut with a diamond knife on a Reichert-Nissei Ultracut microtome, mounted on copper grids coated with Formvar films and stained with uranyl acetate and lead citrate. Ultrathin sections were examined with a JEM-2000EXII electron microscope (JEOL).
Results
In order to construct expression plasmids for the GA and SP lysis genes, I have hypothesized that the predicted small lysis genes function for lysis in cells infected with GA phage (group A-II) and also that the maturation protein genes (A2) in cells infected with SP phage (group B-IV) work in the same way as in cells infected with the MS2 phage (group A-I) and Qβ phage (group B-III). Strains of E. coli K12 ∆H1 ∆trp containing the plasmids pSPA2-10 (#), pMI-4 ($), pPv-17 () and pHE-3 (=) with inserts shown in (b) were grown at 28 mC to an OD 600 of 0n2. They were then shifted to 42 mC to induce the pL promoter.
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Construction of an expression plasmid containing the GA lysis genes and their lytic activities
In order to construct an expression plasmid for the GA lysis genes, fragments of the coat protein and lysis protein genes of GA RNA were used for RT-PCR as described in Methods. The coat protein gene was included to give active lysis ability, as in the case of MS2 phage (Kastelein et al., 1982) . The results obtained are shown in Fig. 1 . Upon induction, E. coli cells harbouring plasmid pGAcl-8 started to lyse after 25 min of induction, as expected for phages of group A (Fig. 1b) .
Construction of an expression plasmid containing the SP lysis gene, its deletion mutants and their lytic activities
In order to construct an expression plasmid for the SP lysis gene, the A2 gene of SP RNA was used for RT-PCR as described in Methods. The results obtained are shown in Fig.  2 . E. coli cells harbouring plasmid pSPA2-10 lysed upon induction, as expected for phages of group B (Qβ phage) (Fig.  2c) . This is consistent with the result described by Priano et al. (1995) . Deletion mutants of pSPA2-10 were constructed in order to assess whether the integrity of the A2 gene was required (Fig. 2b) . As shown in Fig. 2(c) , E. coli cells harbouring deletion-mutant plasmids had no lytic activity. These results are in agreement with the results obtained by others for the Qβ A2 gene (group B-III) (Karnik & Billeter, 1983 ; Winter & Gold, 1983) . These results imply that phages of groups B-III and B-IV have similar characteristics with regard to their lysis (maturation protein) genes.
Electron micrographs of lysing cells induced by the GA phage lysis gene
The transmission electron micrographs shown in Fig. 3 show E. coli cells induced by the lysis gene of RNA phage GA (group A-II). Two typical features were seen in the lysing cells in the photographs : ballooning structures on the surfaces of cells (Fig. 3c-h ) and leaking of material through the cell wall (Fig. 3a, b) . No holes were seen on the surfaces of the lysing cells, but small holes must exist on the cell surface that cannot be seen in the photographs. Many ballooning structures can be observed in the photographs, and the structures could be the outer membrane of the cells, but there was no evidence for this (Fig. 3c-h ). Control cells that had no lysis gene showed no such structures (data not shown). The ballooning structures (Fig. 3c,  h ) seemed to be still intact, but the structures shown in Fig. 3(c) (upper right) and (d) were ruptured and cell material was released ; the ballooning structure was also broken into pieces (Fig. 3g) . The connected regions between the ballooning structures and the ' source ' cells had some interesting characteristics. The regions spanned quite wide areas and smeared and flocculated material appeared in most cases. Some smeared flows were also seen in the photographs. 
Electron micrographs of lysing cells induced by the SP phage lysis gene
The transmission electron micrographs shown in Fig. 4 show E. coli cells induced by the lysis gene of RNA phage SP (group B-IV). The two most apparent features are explained below. The first was that the cells became stretched and also tapered in shape, and fragmentation of parts of the cells had also occurred (Fig. 4e, f) . The second feature was leaking of material through the cell wall (Fig. 4a-c) . Some rough cells that were still connected to neighbouring cells were observed in preparations of cells induced by the SP lysis gene (Fig. 4b, d ). These structures could be the same ballooning structures described in cells induced by the GA lysis gene.
Discussion
In studies of the cell-lysis mechanism of small singlestranded phages, it has been reported that the A2 (maturation\ lysis) protein of RNA phage Qβ blocks cell-wall biosynthesis by inhibiting the MurA step of peptidoglycan biosynthesis and also that the lysis protein E of phage φX174 (small DNA phage) inhibits the synthesis of cell walls by inhibiting the MraY step. Inhibition of the MurA and MraY steps or activity results in the inhibition of cell-wall biosynthesis and in the induction of host-cell lysis (Bernhardt et al., 2000 (Bernhardt et al., , 2001a ; so, action of the lysis proteins of small single-stranded RNA and DNA phages can be explained basically by the same mechanism. Even if the lysis mechanism is basically the same, the target proteins or steps differ between lysis proteins, as in the case of MurA and MraY (Bernhardt et al., 2000 (Bernhardt et al., , 2001a .
If the inhibition steps of biosynthesis or the mode of action are different, the mode of destruction of the lysing cell could differ as a result. However, morphological aspects of the intermediates of lysing cells as viewed by the transmission electron microscope have not been reported in much detail to date. Witte et al. (1989) showed, in the transmission electron micrographs, that local destruction occurred in lysing cells as a result of the cloned lysis gene of MS2 phage (group A-I). Cloning the lysis gene of GA phage (group A-II) was expected to have a very similar effect on E. coli cells. However, the appearance of E. coli cells lysed by the GA lysis gene (Fig. 3 ) was different from those lysed by the MS2 phage, which showed harsh rupture of the host cell (Witte et al., 1989) . I think that cells induced by the GA lysis gene might be shown to undergo harsh rupture of the host cells, as with the MS2 phage, if more sections of the electron micrographs were examined. Many ballooning structures were observed in cells induced by the GA (group A-II) lysis gene (Fig. 3) , but not so many typical ballooning structures were detected in cells induced by the SP (group B-IV) lysis gene (Fig. 4) . However, lysed cells harbouring the A2 (maturation\lysis) gene of RNA phage Qβ (group B-III) showed a single ballooning structure in the photograph, which was a very rare case isolated only 5 min after the onset of lysis (data not shown). So, in group B, ballooning structures could exist at particular stages in intermediates of lysing cells.
It is hard to distinguish the differences between ballooning and leaking structures. However, ballooning structures have distinct boundaries between the structures and the outside. Leaking structures have vague lines between the leaking materials and the outside (Fig. 3a, left ; Fig. 3b, upper right) . The ballooning structures therefore have a wall-like structure outside the internal material. Ballooning structures appeared to be associated with a cell pole or the end of the rod cells in many cases (Fig. 3c-f ), but some structures appeared on the sides of cells (Fig. 3h) .
Leaking appears to occur in three different ways : direct leaking from the cell wall (Fig. 3a, b) , bursting of the ballooning structure (Fig. 3c, upper right) and a combination of these two processes (Fig. 3e, f) . I think that tapering of the cells (Fig. 4e,  f) is not an artefact of thin-sectioning of the cells, because these structures were not found in photographs of cells induced by the GA lysis gene or in non-lysed cells.
Ballooning structures of the outer membrane of E. coli cells have been reported previously in heat-treated cells and in cells induced by the λS protein gene and the chimeric gene E-L of φX174 and MS2 phages (De Petris, 1967 ; Rietsch & Bla$ si, 1993 ; Witte et al., 1989) . However, the production of ballooning structures from the outer membrane of E. coli cells resulting from RNA phages and cloned RNA phages has not been reported before. The ballooning mechanism was described previously for the E-L chimera gene (Witte et al., 1989) .
As a whole, the characteristic features of the lysis of E. coli cells by RNA phages GA (group A-II) and SP (group B-IV) were the presence of stretched cells (Fig. 4 ; SP phage) and the presence of many ballooning structures with GA phage (Fig. 3) but not many balloon-like structures with SP phage (Fig. 4) . I think that the target stages and modes of action of the two lysis proteins would impact on morphological aspects of the intermediates of lysing cells and, as a result, the appearance of lysis would be different.
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